The paper examines the role of carbon capture and storage (CCS) 
INTRODUCTION
Fossil fuels account for a major share of global anthropogenic greenhouse gas (GHG) emissions and still supply over 80% of all primary energy needs (IEA, 2014) . According to U.S. Energy Information Administration, fossil fuels will remain the primary energy source for the decades to come (IEA, 2013) . In the absence of specific actions, however, CO 2 concentration in the atmosphere will continue to grow, which can prove catastrophic for the generations to come (UNEP, 2006) . Therefore, there is a demand for new technologies that can help with the fight against climate change.
One example for such technologies is carbon capture and storage (CCS). It is considered as a vital technology that can contribute significantly to the efforts in limiting emissions. CCS can be used by large stationary point sources, such as a coal-fired power plant, and emission-intensive industrial facilities, such as cement production. Its main goal is to prevent CO 2 emissions of a power plant from entering the atmosphere. Rates of CO 2 emissions that are captured can get as high as 85-95% (Metz et al., 2005) .
As of today, there exist three methods for capturing CO 2 emissions. Post-combustion removes the CO 2 after combustion takes place. In this process, CO 2 is separated from the flue gases by using a liquid solvent. In pre-combustion, the fuel is converted into a mix of CO 2 and hydrogen. The latter gas is then burned to produce electricity. The burning of fuel is basically the reaction of fuel with oxygen in the air. Yet, in the oxy-fuel combustion process, the fuel is burned by pure oxygen. The result is a flue stream of CO 2 and water vapor. Because there is no nitrogen present in the flue gas, CO 2 can be easily captured in this process. (Golombek et al., 2011; Metz et al., 2005) .
The CCS technology is envisaged to be a fundamental part of the lowest-cost GHG mitigation policy. In its Technology Roadmap, the International Energy Agency (IEA, 2009, p.4) concludes that without the technology the overall cost to reduce emission to 2005 levels by 2050 increases by 70%."
Furthermore, CCS can provide 15% to 55% of the cumulative mitigation effort up to 2100 (IPCC, 2005, p.12).
We observe that high-income oil and gas producing countries in Europe and North America use resources on R&D of CCS technologies. Tjernshaugen (2008) shows that fossil fuel reserves and their extraction activities are the main variables that explain R&D funding for CCS. Among these countries, Canada and Norway show the strongest contributions. The shares of R&D budgets to the total R&D spending in 2005 were 38.79% and 6.23% for Nor-way and Canada, respectively (Tjernshaugen, 2008) .
Nevertheless, there are still questions regarding the economics of CCS and the uncertainties that surrounds the technology.
It is therefore important to show the feasibility of CCS activity and its R&D from the perspective of a benevolent planner, and see how much this overlaps with the contemporary global political agenda.
For this purpose in Section 2, we present a growth model initially with exogenous and then endogenous technical change. The technology for the final good is labor augmenting, while the technology for CCS is capital augmenting. R&D investments are made using a portion of the final good. In this section we also present the first order conditions and an evaluation of them. In Section 3 we do the calibration. CCS is a capital-intensive technology. Therefore, labor is omitted as a factor of production for CCS.
Without loss of generality, we assume the technology is constant returns to scale in its capital infrastructure.
CO 2 stock in the atmosphere increase due to net emissions a(Et − YAt), where Et and YAt denote CO2
emissions and CCS at time t, and a represents the uptake of emitted CO2 by the atmosphere.
Furthermore, δS represents the depreciation for atmospheric CO2. Additionally, we have
YAt ≥ 0 (νAt) and YAt ≤ Et (νCCSt)
Production uses labor, capital and energy as inputs, and state of technology in the final good sector is represented by a labor productivity parameter AYt. Output can be used for consumption (Ct), net investments, or energy production costs, where KYt is the capital employed in the final good production, KAt, is the capital used for CCS, N is the number of years per period, σ is the capital depreciation per period, and q are the energy production costs (fossil fuel extraction costs). Furthermore, Ωt = e −δySt/S0
is the multiplicative-damage function as a function of the atmospheric CO 2 . Here, δ y is a positive constant and St is the level of CO2 in the atmosphere at time t. AAt is the CCS capital productivity parameter. Labor and technological growths are represented by the logistic growth functions (see Eqs.
5 and 6). Additionally, we impose two constraints on CCS. The first one is the non-negativity constraint.
The other constraint imposes that the level of CCS cannot be more than the current emissions from fossil fuel use. Therefore, there can be no capture of CO 2 from the air. Lastly, the variables in parentheses on the right hand side (see Eqs. 1-7) represent the shadow prices (or the value of the Lagrange multipliers).
The first order conditions are presented below: 
(YAt): pAt = aτt + ̂At − ̂CCSt (11) where rt+1 is the real interest rate defined by λt/λt+1, τt ≡ λst/λt is the unit tax on emissions, and pAt = λAt/λt is the marginal cost of CCS (in units of the final good). Furthermore, ̂At ≡ νAt/λt and ̂CCSt ≡ νCCSt/λt.
When νAt > 0 and νCCSt = 0, pAt > aτt; that is, the marginal cost of CCS is higher than the unit tax on energy, and there would be no CCS. On the other hand, when νAt = 0 and νCCSt > 0, pAt < aτt; that is, the marginal cost of CCS is lower than the unit tax on energy. Therefore, it is optimal to capture and store all current emissions. Lastly, when pAt = aτt, the rate of emissions would be between 0% and 100% of the current emissions.
We also evaluate the effects having resource and storage constraints in the economy. The reason for having such constraints is to have conclusions that are more relevant for the real life. As this is a simplification of the real world economy we are not aiming for deriving numbers that are perfectly accurate. Rather, we would like to see the implications of having such constraints on the resource use, economic growth, climate change and CCS.
Calibration And Data For Numerical Analysis
The time horizon we are working on is 600 years (60 periods with one period consisting of 10 years). The model is calibrated for the year 2010. The data used for the calibration is provided in the following Table 1 Furthermore, δy=0.027. We calibrate the initial technology level for CCS, AA0, as follows. The first order condition given by Eq. 9 can equally be shown as
Assuming that the interest rate equals the factor of social time preference initially (.256 in the module; constituting to 2.5% yearly), and assigning 31.7 €/CO2, which approximately constitutes to 40.8$/tCO2 or 150$/tC (Gerlagh, 2006) , we calculate that AA0 = 0.03. To begin with, we assign as zero value for the initial CCS capital. This overlaps with the current observation that there is no large and fully operational commercial fossil fuel power plant with CCS.
The fossil fuel resource enters the economy as follows:
The reason for having the emissions, but not the level of resource use in the model is due to incorporating the amount of resource in terms of its carbon content. 
EXOGENOUS TECHNICAL CHANGE
In this section we assume that population and technologies follow exogenous paths (see Eqs. 
Atmospheric CO2 concentration
In the BAU scenario where climate change policy is absent, we see in Figure 1 that the atmospheric CO 2 concentration is continuously growing. In the two stabilization scenarios, atmospheric 
Carbon capture and sequestration
At a first glance we see the role CCS plays once it is available. In every scenario we see that it is optimal to capture and store carbon. In the stabilization scenarios, CCS has a smaller role to play. In the Storlimit case, the available storage for CO2 vanishes around year 2150; therefore CCS cannot be Figure 3 . 
Tax rate
As is seen in 4 the tax on the final good is increasing continuously. For the stabilization scenarios the tax is lower as emissions cannot pass the stabilizers of 450 and 550ppmv. Within the limited resource case, we see that the tax gets lower than the corresponding trajectories coming from the CBA and Storlimit scenarios as the resource use diminishing, resulting in lower emissions. Output growth, consumption and welfare
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There is a downward trend in the growth rates in the economy. This is a natural result of the fact that there is no non-carbon technology to switch to; hence the only way forward is to emit as low emissions as possible by contracting the economy or do as much CCS as possible (which will also put a burden on the growth rates). A closer look at Figure 5 reveals that the growth rates are quite similar except the BAU case, where the growth is relatively higher initially but gets lower in a short period of time.
Figure 5
The consumption levels show rather a clearer picture in terms of the differences. We see the long run effect of the exhaustible resource constraint, which results in lower consumption. The limited storage case is also causing lower consumption though the level manages to get higher than the limited 
Figure 6
The welfare levels show a similar pattern to consumption levels. The ranking for the total welfare among the scenarios is as follows: WBAU < WStorLimit < WResLimit < WCBA < W450ppmv < W550ppmv.
The intuition for Storlimit giving the second lowest total welfare is related to the unavailability of CCS in the long run. For this reason, more sacrifice in growth needs to be made relative to other scenarios except BAU. The results also show that the limited resource has a smaller adverse effect than the limited storage case, which we find rather surprising.
Figure 7
Yönetim 
ENDOGENOUS TECHNICAL CHANGE
In this section we abstract from scenarios such as limited exhaustible resource and storage capacity. Instead, we focus on the role of endogenous technical change given the CCS technology and the two CO 2 stabilization targets. The source of endogenous technical change comes from R&D investments in labor-augmenting and CCS technologies, RY and RA, respectively. As a result the total R&D spending, R, is the total of these two R&D investments, The last two scenarios are the ones with the 450 and 550 ppmv stabilization targets.
Atmospheric CO2 concentration
The surprising result here is that the lowest concentration of CO 2 occurs in CBAExo. This is due to the consumption -climate change trade-off. A stronger growth due to endogenous technological change may make it more beneficial to produce more and at the same time emit more CO 2 . Though, this needs further evaluation and this is what we are going to do in the following.
Carbon capture and sequestration
In Figure 9 we see that the level of CO 2 captured do not differ significantly between different scenarios. However, what cause the difference between the scenarios in Figure 10 are the emission trajectories (see Figure 11 ).
Figure 8
Figure 9
In Figure 11 we see that a strong presence of green paradox exists: the stabilization targets result in emissions to rise in the early periods. In the exogenous technical change scenario, the ratio of CCS to emissions is rather high but stable. We do see a weaker presence of green paradox in CBAEndo as there are no predetermined atmospheric CO 2 ceilings. 
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Tax rates
We see a stronger downward effect on taxes in the endogenous technical change case. Ac-cording to this, the tax on final good stays almost constant after 2270. This can be easily seen from stable emission levels and high carbon capture and storage activity corresponding to these emissions. The tax levels are slightly lower than the corresponding tax levels in the first section. 
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Figure 12
Output growth, consumption and welfare
The striking part is coming from the differences in growth rates and consumption levels. We witness strictly higher levels of growth for all the endogenous growth scenarios. This implies the importance of R&D activity and hence the endogenous growth.
Figure 13
When we look at the levels of consumption (Figure 14) we observe that the optimal levels of consumption for the endogenous growth scenarios are twice the amount of the optimal consumption level in the exogenous growing technologies case. All of the scenarios give much higher levels of consumption compared to the BAU scenario. 
Figure 14
In Figure ( 15), we almost see the reflection of consumption levels; though the levels are scaled downward due to the logarithmic utility function 
CONCLUSION
In this paper, we attempted to evaluate CCS technology both in exogenous and endogenous growth models with environmental constraints. According to the findings, the level of CCS is not significantly affected by the fact that technology is taken exogenous or endogenous. This may actually imply that instead of focusing on R&D spending for the technology, we may focus on the effects of learning-by-doing on the technology. As the technology is not productive (i.e., does use the final good), Given their experiences, people working on CCS say that experience, rather than R&D investments, play a bigger role in making the technology cheaper). This may explain the reason why the technology receives so little R&D investments in the results we have. Moreover, in all of the scenarios, we witnessed that CCS was employed. Therefore, there is no question about its welfare enhancing effect.
In the exogenous growth case, all the results are as expected although it is rather hard to interpret the increasing atmospheric concentration of CO 2 when storage availability for CO 2 runs out. We did witness the presence of the green paradox in the endogenous growth case, although this effect is not present for the exogenous growth counterpart.
Before we had started working on this study, we had different research questions in mind. One was related to the political will of holding on to the optimal tax rates. Hence the question was about the effect of future uncertainties in tax rates on today's investments and activities in CCS. Although the trajectories in both the exogenous and endogenous technological change (exotech and endotech)) cases look similar for CCS, we do actually see differences in emission levels. For example, in 2300 the emissions in in exotech and endotech are 76.9 and 83.5 GtCO 2 , respectively. Depending on different scenarios, CCS rates start from 75% and gets higher, implying significant contribution to the abatement efforts. As the economies are, from an empirical point of view, more in favor of technical changes induced by prices, un-certain future tax rates can have significant effects on use of and investments made in CCS. Therefore, we believe this issue needs a closer look. Moreover, the storage issues for CO 2 captured may have some relevance. We think Figure ( 1) deserves a better understanding for this case. Besides, leakage possibilities can be discouraging for the technology. As we have also showed in the first section, there is a highly significant effect of an exhaustible resource on the level of CCS activity. This brings with it the question why there is so much investments going on for a technology that is dependent on an exhaustible resource.
In conclusion, uncertainty in the future political wills towards CCS, storage problems and limited resource availability may require further investigation for the technology. As being a carbonfree technology, and hence has the potential to compete with other carbon-free technologies, the analysis can become more interesting to look at these problems in a bigger model with more technological choices, different factors of production and a more detailed description of the environment. However, if we think that the very strong dependence on fossil fuels will carry on, the results we have in this study can have important policy implications.
